We propose a kinetic theory of transport in metals embedded with ferromagnetic nanoclusters, predicting a quadratic low-field magnetoresistance in an ensemble of clusters in thermodynamic equilibrium. We show that this effect is strongest when all the clusters have the same intrinsic easy-axis anisotropy.
Introduction
Numerous applications of magnetoresistance (MR) phenomenon fuel a continuous search for new materials, including various hybrid systems.
1 In this article, we propose a theory of high temperature MR in a normal metal embedded with ferromagnetic metallic nano-clusters (FmnC) . 2 In our model we assume that both the magnetisation and the electron exchange spin-splitting J are homogeneous within each cluster (due to their small size, typically 10 3 atoms per cluster 2,4 ) and we characterise the ensemble of FmnCs using the angular distribution of magnetic moments m = µl of individual clusters, which depends on their intrinsic anisotropy, external magnetic field and temperature. This study is restricted to materials with a low cluster density and to high temperatures since we neglect correlations between clusters.
Due to band mismatch between underlying materials, each FmnC would generate a scalar potential well and have a different electron mass from that in the normal metal, in addition to a spin dependent (exchange) perturbation. An interplay between all above-mentioned factors makes electronic scattering from each individual FmnC spin-dependent and the resistance of a composite material sensitive to the mean degree of polarisation of clusters l z . The proposed theory predicts a quadratic MR effect, ∆(B) = R(B)−R(0) R(0) ∼ −B 2 in the low field regime µB/kT 1 and relates the form of MR to the magnetic field dependence of mean polarisation of FmnCs and its variance. The effect is strongest when all clusters in the ensemble have collinear easy-axis anisotropy, whereas it is supressed by electron spin relaxation in ensembles with isotropic magnetic properties.
To describe the MR in a metal with FmnCs we study the quantum kinetic equation,
for the electron spin density matrixρ = ρ 0
, where σ = (σ 1 ,σ 2 ,σ 3 ) are Pauli matrices, ω B = Be /mc is the electron spin precession frequency in normal metal andρ is the isotropic part of the electron distribution in momentum space. All details of the electron spin and phase evolution inside clusters are incorporated into the collision integral I[ρ], whereas momentum relaxation due to non-magnetic impurities and phonons in the normal metal is taken into account by
One FmnC produces the following scattering matrix,
where S + pp and S − pp characterise the angular dependence of scattering matrices of electrons with spin parallel and antiparallel to the cluster polarisation l [p, p are electron momenta before and after scattering]. The collision integral taking into account a group of collinearly polarised clusters with the concentration n(l) has the form
where v is Fermi velocity. This expression incorporates the kinetics of both electron scattering and spin precession, in particular since S matrix takes into account spin-dependent forward scattering. Due to the angular distribution of cluster polarisations, the ensemble-averaged collision integral, I[ρ] would also describe spin relaxation of electrons. All of the above-mentioned three generic elements of electron spin kinetics would be present even if the distribution of cluster magnetic moments is axially symmetric about the direction of an external magnetic field B = Be z . Therefore, in the following analysis we assume that l x = l y = 0 and the ten-
The resulting ensemble-averaged collision integral reads as
where density matrixρ was decomposed into a singlet (ρ 0 ) and triplet (ρ i ) parts [here ρ = ρ(p, ρ = ρ(p )], which decouples the kinetic equation into two groups.
The first group describes the evolution of only diagonal density matrix components and involves momentum (τ −1 p± ) and spin (τ −1 sn ) relaxation rates,
The second group,
where ζ = ρ 1 + ıρ 2 and ξ = η 1 + ıη 2 , takes into account an average of electron spin precession in the (xy)-plane with frequency
Equation (3) describes the kinetics of charge (ρ 0 ) and spin (ρ 3 ) densities in a macroscopic sample. Without any electric bias this would be diffusion a described by equations
a Eq. (4) is a pair of diffusion equations for in plane kinetic
A homogeneous solution of Eq. (3) in the presence of electric bias produces the current-field relation for both charge and spin components j e = σ e E and j s = σ s E, which determines electric (e) and spin (s) conductivities,
A magnetic field dependence of average cluster polarisation l z and mean square l 2 z generates a finite magneto-resistance (MR) of a composite material,
The resistance change which can be achieved across an "infinite" magnetic field interval (providing a complete uniaxial polarisation of all clusters) is given by
whereas the entire MR curve can be described by
The values of l z and l 2 z in Eq. (8) vary with a magnetic field and depend on magnetic anisotropy of clusters. The parameter X is determined by the material composition and cluster size. For large spherical clusters (pr cl ) all relaxation rates are proportional to the clusters' geometrical cross-section, τ Table 1 illustrates values of these parameters for various ratios between the exchange J and Fermi energy E F F in the ferromagnet and the ratios Table 1 . Example of estimations of Aα in a spherical cluster model for large clusters pr cl and strong exchange J. Below, we compare the magnetic field dependence ∆(B) for three ensembles of clusters: (a) intrinsically isotropic FmnCs; (b) identical clusters with colinear easy axes aligned with the external magnetic field; (c) ensemble of clusters with randomly oriented easy axes. In all of these three cases we assume the same material composition, size of clusters, surrounding medium (i.e. fixed values of τ p± , τ sn and X), and thermal equilibrium of angular distribution of clusters. These three situations will be identified with the following form of free energy of magnetic subsystems,
where l 0 determines the direction of single cluster easy axis. In cases (a) and (b) the values of l z ≡l z and l 2 z ≡l 2 z are determined by the thermal averagē
where T is temperature. For ensemble (c) with isotropic distribution of easy axes, an additional averaging over directions of vector l 0 in Eq. (9c) is needed l z = l z and l 2 z = l 2 z , where (· · ·) = dΩ l0 (· · ·)/4π. For intrinsically isotropic clusters, ensemble type (a),
The resulting form of MR is illustrated in Fig. 1 by the curve (a). The influence of intrinsic easy-axis anisotropy of clusters on MR depends on the temperature regime and the type of cluster ensemble (b) or (c). At high temperatures kT > α, the existence of an anisotropy axis common for all clusters results in a small correction to l z , l Table 1 , τ → ∞ and X = 27.5.
